The molecular details of interactions between lipid membranes and lysozyme (Lz), a small polycationic protein with a wide range of biological activities, have long been the focus of numerous studies. The biological consequences of this process are considered to embrace at least two aspects: i) correlation between antimicrobial and membranotropic properties of this protein, and ii) lipid-mediated Lz amyloidogenesis. The mechanisms underlying the lipid-assisted protein fibrillogenesis and membrane disruption exerted by Lz in bacterial cells are believed to be similar. The present investigation was undertaken to gain further insight into Lz-lipid interactions and explore the routes by which Lz exerts its antimicrobial and amyloidogenic actions. Binding and Förster resonance energy transfer studies revealed that upon increasing the content of anionic lipids in lipid vesicles, Lz forms aggregates in a membrane environment. Total internal reflection fluorescence microscopy and pyrene excimerization reaction were employed to study the effect of Lz on the structural and dynamic properties of lipid bilayers. It was found that Lz induces lipid demixing and reduction of bilayer free volume, the magnitude of this effect being much more pronounced for oligomeric protein.
INTRODUCTION
Lysozyme, a hydrolytic enzyme displaying antimicrobial, antitumor and immune modulatory activities, has long been the focus of extensive research efforts in numerous fields of inquiry. Discovered by Alexander Fleming in 1922, lysozyme was the first protein whose three-dimensional structure was characterized at atomic resolution [1] . Owing to its well-defined geometry and physicochemical properties Lz represents an attractive model in approaching a broad spectrum of fundamental problems including protein adsorption at interfaces [2] , lipid-protein interactions [3] [4] [5] , membrane fusion [6, 7] , protein folding, aggregation and amyloid fibrillogenesis [8] [9] [10] . A number of studies provide evidence for pronounced lipid-associating ability of lysozyme [11] [12] [13] [14] . Formation of Lz-lipid complexes is thought to be mediated by electrostatic forces between lipid anionic polar headgroups and positively charged protein amino acid residues, van der Waals interactions between lipid acyl chains and side groups of non-polar amino acids of Lz, hydrogen bonding between different lipid and protein moieties and a hydrophobic effect ensuring protein insertion into the membrane interior. The relative contributions of these binding components depend on a number of factors, including, in particular, milieu conditions (pH, ionic strength), lipid bilayer composition, physical state, surface distribution of its charge, etc. [15] . The biological significance of Lz-lipid complexation embraces at least two main aspects. The first one relates to the protein antibacterial activity. As part of an unspecific innate defense mechanism, Lz exerts its bactericidal action either independently by lysing the bacteria or as a component of a chain of biochemical and immunological reactions synergistically acting with nisin [16] or other antimicrobial peptides [17] to inactivate bacterial cells. The antibacterial activity of Lz is directed mainly against G+ bacteria. The main mechanism of cell lysis is the hydrolysis of the β(1→4) glycosidic bond between N-acetylglucosamine and muramic acid of the peptidoglycan layer in the bacterial cell wall promoting cell aggregation and loss of their viability [18, 19] . The specificity of Lz to G+ bacteria is explained by the fact that their peptidoglycan is freely accessible to lysozyme, contrary to G-bacteria, where the peptidoglycan layer is shielded by the LPS layer of the outer membrane [20] . However, this viewpoint is being intensively discredited by a growing body of evidence [21] [22] [23] [24] . Accordingly, the occurrence of G-bacteria naturally sensitive to Lz [25] suggests that protein hydrolytic activity is not the only pathway of bacterial cell degradation. An increasing number of studies support the hypothesis of a non-enzymatic type of Lz antimicrobial action [21] [22] [23] [24] . Specifically, it was shown that partially or completely denatured protein with significantly reduced enzymatic activity or without it is capable of destroying not only G+, but also G-bacteria [24] . Similar to other peptides (e.g. cecropin, melittin, magainin, lactoferrin, protegrin, etc.) [26, 27] , the properties, such as cationicity, hydrophobicity and amphipathicity, of lysozyme were supposed to be responsible for its membranedisruptive ability and catalytically independent mechanism of antibactericidal action [20] . The specific amino acid sequences of Lz were shown to account for noncatalytic bacterial cell death differing from enzymatic lysis of membranes [28] . Particularly, Pellegrini and co-workers showed that cationic pentadecapeptide (amino acid residues 98-112) without muramidase activity, released from clostripain-digested Lz, possesses highly bactericidal action against both G+ and G-bacteria [24, 28] . This peptide is part of a helix-loop-helix domain (amino acid residues Asp 87 -Arg 114 ) located at the upper lip of the Lz site cleft [24] . This finding is of special importance since an α-helical hairpin motif such as HLH is a common structural element of many bactericidal peptides including cecropin A and colicin E1 [29, 30] . Like other antimicrobial peptides, to reach its target (cytoplasmic membrane) Lz should penetrate the outer membrane of G-bacteria containing LPS or cross the outer cell wall of G+ bacteria containing acidic polysaccharides. While considering the action of antimicrobial peptides against G-microorganisms, Hancock et al. described this process as a self-promoted uptake pathway [31] . According to this mechanism, the peptides interact with the surface of LPS and partially neutralize it. This causes disruption of the outer membrane; peptides pass through it and reach the negatively charged phospholipid cytoplasmic membrane. Lz permeation of bacterial membrane was hypothesized to occur via a "carpet" mechanism proposed for antimicrobial peptides [24] . Briefly, this mechanism implies that Lz amphipathic α-helices, once adsorbed onto the bilayer surface, accumulate around themselves anionic lipids, thereby locally changing membrane curvature and composition. At the site of binding (i.e. within the region enriched in anionic lipids) the protein generates lateral pressure on the membrane, thus causing its invagination. This results in membrane thinning and uptake of some lipid molecules from the bilayer, followed by membrane deformation, defragmentation, micellization and finally cell death. The second important implication of Lz-lipid interactions involves lysozyme fibrillogenesis. It is becoming generally accepted that aggregation of soluble proteins into highly ordered β-sheet fibrillar structures, termed amyloids, plays the cardinal role in etiology of a number of so-called conformational diseases, including Alzheimer's, Parkinson's and Huntington's diseases, type II diabetes, rheumatoid arthritis, and spongiform encephalopathies [32] . Accordingly, a causative link between lysozyme fibrillization and pathogenesis of systemic amyloidosis has been established [33] . A growing body of evidence from both theoretical and experimental studies suggests that protein aggregation requires the partial unfolding of the native state into aggregation-prone intermediate transient conformation with the exposed hydrophobic regions, intermolecular contacts between which are responsible for oligomerization (Fig. 1) [34, 35] . Fig. 1 . Structural transformations of polypeptide chain: N -native state, I -partially unfolded conformation, U -fully unfolded conformation, O -protein oligomers with low content of β-sheets, B -β-sheet structure, P -pre-fibrillar aggregates, F -amyloid fibrils. β-sheets are depicted as wavy lines.
The factors facilitating protein unfolding and subsequent aggregation were proposed to involve milieu conditions (acidic pH, elevated temperature), the presence of organic solvents and denaturants or protein adsorption onto phospholipid surfaces such as monolayers or bilayers [36] . The crucial role of lipid/water interfaces in initiating and regulating the polypeptide self-association consists in providing a unique physicochemical environment which favors (i) the recruitment of protein molecules increasing thereby their local concentration necessary for oligomer nucleation, (ii) attenuation of electrostatic repulsion between charged monomers, (iii) destabilization of protein native structure, resulting in formation of aberrant unfolded states of polypeptide chain, (iv) peculiar alignment of protein molecules promoting their polymerization [37, 38] . Furthermore, ample evidence provides strong grounds for believing that lipid membranes represent a direct target for toxic pre-fibrillar protein aggregates which cause membrane distortion via formation of non-specific ionic channels and/or uptake of lipids into the forming fiber. An increasing number of reports support the hypothesis that seemingly unrelated processes such as protein aggregation and membrane disruption are strongly coupled phenomena [39] . Recent observations link directly lipid-assisted protein aggregation with membrane damage and subsequent toxicity of amyloid fibers. Selected examples in favor of this statement include membrane disruption by amyloid fibrils of islet amyloid polypeptide [40] , Aβ-peptide [41] , and temporins B and L [42] , to name a few. The mechanisms by which amyloidogenic proteins exert a destructive influence on membranes are supposed to be similar to those of antimicrobial peptides and include pore formation (toroidal and barrel-stave pores), nonspecific membrane permeabilization, detergent-like membrane dissolution, etc [39] . The above considerations imply that similar sequences of molecular events may underlie bactericidal and amyloidogenic actions of peptides and proteins, particularly lysozyme. Lz shares the properties of both antimicrobial and amyloidogenic peptides: it has an amphipathic helix, displays preferential affinity for anionic lipids, and the percentage of Lz helical structures increases upon protein binding to the lipid bilayer [43] . Furthermore, the finding that part of the amyloidogenic Lz fragment, involving amino-acid residues Gln 57 -Ala 107 , belongs to the above mentioned HLH structural motif of Lz, responsible for the protein-membrane association, provides additional support to the hypothesis of a correlation between antibacterial and amyloidogenic properties of Lz [9] . All these rationales strongly suggest that assessing the mechanisms of mutually dependent protein aggregation and membrane distortion is of utmost importance for understanding the protein biological functioning. Despite the great progress achieved in elucidation of general principles of Lz complexation with lipids, molecular pathways by which protein-lipid interactions govern structural perturbations of both protein and membrane still remain obscure. The present contribution, representing the quintessence of our studies on lysozyme-lipid interactions [44] [45] [46] , is intended to fill at least partially this knowledge gap. More specifically, the main goals are: i) to analyze what factors are responsible for lipid-mediated transition of Lz into the aggregated state; and ii) to identify the molecular mechanisms by which Lz perturbs the structural integrity of the lipid bilayer. To achieve the above goals, different modifications of steady-state and time-resolved fluorescence spectroscopy were applied to yield in-depth information on Lz-membrane binding, protein conformational changes, proteininduced modification of lipid bilayer structure and the extent of Lz aggregation. Model lipid membranes were composed of zwitterionic lipid phosphatidylcholine and its mixtures with 5, 10, 20 or 40 mol% of anionic lipid phosphatidylglycerol (PG5, PG10, PG20 or PG40, respectively) or 5 and 25 mol% of cardiolipin (CL5 and CL25, respectively). The choice of PG and CL as anionic components of the examined model lipid systems was dictated by at least two reasons. The first one relates to the specificity of Lz interactions with CL and PG. Early ESR studies showed that among the anionic lipids, Lz has the highest affinity for CL and PG with protein selectivity decreasing in the order CL>PG>PS [47] . Second, CL and PG are constituents of bacterial membranes [48, 49] where Lz exerts its antimicrobial action.
MATERIALS AND METHODS

Materials
Chicken egg white lysozyme, fluorescein 5'-isothiocyanate (Fl), pyrene, HEPES and DTT were purchased from Sigma (St. Louis, MO). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphorac-glycerol (PG) and bovine heart cardiolipin (CL) were from Avanti Polar Lipids (Alabaster, AL). Dimethyl sulfoxide was of Uvasol grade from Merck (Whitehouse Station, NJ). 2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-sindacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (BODIPY-PC) was from Invitrogen (Carlsbad, CA), 1-(1,2-diacyl-sn-glycero-3-phospho)-3-{1′-[7-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl) heptanoyl]-2′-acyl-sn-glycero-3-phospho}-glycerol (BODIPY-CL) was synthesized as described in detail elsewhere [50] . 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), DyLight 549 (maleimide-activated form) and sodium borate buffer, pH 9, were provided by Thermo Fisher Scientific (Rockford, IL). PBS, pH 7.4, was from Amresco (Solon, OH). SeTau-647-di-NHS (SeTau 647 ) was provided by SETA BioMedicals (Urbana, IL).
Lysozyme labeling with fluorescent labels
Protein labeling with Fl. Reaction mixture containing equimolar amounts of Fl and Lz was prepared in 100 mM borate buffer. After incubation of the sample for 90 min at 25°C under continuous stirring in the dark, pH was adjusted to 7.4. Subsequently, the solution was dialyzed at 4°C against 20 mM HEPES, pH 7.4. The degree of labeling was estimated using extinction coefficients of 7 Protein labeling with SeTau-647-di-NHS. Stock solution of Lz was made by dissolving 1 mg of the protein in 1 ml of borate buffer, pH 9. Before preparation of the reaction mixture, functional groups of the label were additionally activated by dissolving 1 mg of SeTau 647 and 0.4 mg EDC in 1 ml of PBS, pH 7.4. Afterwards, protein solution and activated label were mixed and incubated with continuous stirring for 6 h. After incubation, free and bound dyes were separated using Sephadex G25 columns. To prevent SeTau 647 degradation, all solutions were wrapped in foil and kept in the dark. Measuring the absorbance of conjugate at 280 and 650 nm, using extinction coefficients 3.3×10 4 
Preparation of lipid vesicles
LUV were made by the extrusion technique from PC and its mixtures with 5, 10, 20 and 40 mol% PG [51] . Appropriate amounts of lipid stock solutions were mixed in chloroform, evaporated to dryness under a gentle nitrogen stream, and then left under reduced pressure for 1.5 h to remove any residual solvent. The dry lipid films were subsequently hydrated with 20 mM HEPES, pH 7.4 at room temperature to yield lipid concentration of 1 mM. Thereafter, the samples were subjected to 15 passes through a 100 nm pore size polycarbonate filter (Millipore, Bedford, USA), yielding liposomes of the desired composition. Hereafter, liposomes containing 5, 10, 20 and 40 mol% PG are referred to as PG5, PG10, PG20 and PG40.
Preparation of supported lipid bilayers
Lipid vesicles from PC and its mixtures with 5 and 25 mol% CL were made by the extrusion technique [51] . BODIPY-PC or BODIPY-CL (0.3 mol% of total lipid, respectively) was added to the mixture of PC and CL prior to solvent evaporation. SLBs were made by vesicle fusion [52] . Homemade chambers, consisting of a glass frame to which two coverslips were attached using silicon grease, were used for microscopy. Chambers were filled with liposome suspension containing 100 µM total lipid and 5 mM CaCl 2 , the latter added immediately before bilayer deposition. After incubation for 20 min in the dark, excess liposomes were thoroughly washed with working buffer. Immediately before bilayer formation, glass coverslips were cleaned by sonication for 30 min at 50°C with detergent solution, and rinsed with hot tap water, ethanol, and Milli-Q water. The slides and vesicles were used within 8 h after preparation. Hereafter, SLBs containing 5 or 25 mol% CL are referred to as CL5 or CL25.
Preparation of lysozyme fibrils
The reaction of lysozyme fibrillization was initiated using the approach developed by Holley and coworkers [53] . Protein solutions (3 mg/ml) were prepared by dissolving lysozyme in deionized water with subsequent slow addition of ethanol to a final concentration of 80%. Next, the samples were subjected to constant agitation at ambient temperature. Protein fibrillization kinetics were measured by monitoring the changes in Thioflavin T fluorescence at 483 nm.
Fluorescence measurements
All measurements were performed at room temperature in 20 mM HEPES in 1-cm path-length quartz cuvettes. Steady-state fluorescence experiments were done with a Varian Cary Eclipse spectrofluorimeter (Varian Inc.). Fluorescein excitation wavelength was 490 nm. Excitation and emission slit widths were set at 5 nm. Fluorescence intensity measured in the presence of DyL 549 at the maximum Fl emission (517 nm) was corrected for reabsorption and inner filter effects. Time-resolved fluorescence measurements were carried out with a FluoTime200 fluorometer (PicoQuant GmbH) equipped with an ultrafast microchannel plate detector able to well resolve subnanosecond decays. A 470 nm pulsed laser diode (LDH-PC-470, PicoQuant GmbH) in the low-power regime (full width at half maxima for the pulse was < 70 ps) with 5 MHz repetition rates was used as an excitation source. The laser diode is routinely used to measure fluorescence decays and lifetimes within ± 10 ps accuracy. The lifetime data were analyzed by FluoTime software, version 4.0 (PicoQuant GmbH). For lifetime measurements, a monochromator supported by a long wave pass filter on the observation path was used. All the measurements for lifetime decay were performed using magic angle conditions. Pyrene emission spectra were recorded with excitation wavelengths of 340 nm, and the excimer-to-monomer fluorescence intensity ratio (E/M) was determined by measuring fluorescence intensity at the monomer (392 nm) and excimer (468 nm) peaks.
PIE-FRET studies
Single-molecule experiments for Pulse Interleaved Excitation (PIE) were carried on a MicroTime 200 confocal fluorescence microscope system (PicoQuant GmbH, Germany). The pulsed excitation laser beams (470 nm for donor and 635 nm for acceptor) were directed by a dichroic mirror to a high numerical aperture (NA) water objective (60×, NA 1.2) and were focused 10 μm above the surface of the cover slip, into the sample volume. The collected fluorescence was split by a dichroic beam splitter (600DCXR, Chroma Technology) and spectrally filtered with emission bandpass filter 550/88 (Semrock) for the donor and a combination of long wavelength pass filters 647 and 650 (Semrock and Edmund Optics, respectively) for the acceptor. The emission was collected simultaneously by two avalanche photodiodes (MPD, PDM 1CTC) and processed by the PicoHarp300 time-correlated single-photon counting module. The lasers were each triggered with a repetition rate of 20 MHz and the 470 nm laser pulse was delayed by 25 ns with respect to the 635 nm laser. The integration time used to obtain the donor-acceptor time trace was 5 min. The data were analyzed with the SymPhoTime (version 5.0) software package that controlled the data acquisition as well. For the purpose of data analysis two decay curves obtained for donor and acceptor emission were analyzed separately [54] . The energy transfer efficiency E could be calculated as described earlier according to the formula:
γ is a detection correction factor defined as: 
Total internal reflection microscopy
Fluorescence from supported bilayers was observed using the inverted total internal reflection fluorescence microscope Olympus IX71 with an argon ion laser as an excitation source (excitation wavelength was 488 nm). Highresolution imaging was carried out with an oil immersion Olympus 60X TIRFM objective. Fluorescence images were collected using a Hamamatsu CCD camera interfaced to a computer and operated by Simple PCI software provided by the camera manufacturer. Subsequent image processing was performed using ImageJ software.
RESULTS
Analysis of mutually dependent processes of protein aggregation and membrane distortion was performed with a powerful set of fluorescence techniques. Fluorescence spectroscopy is one of the most widely used spectroscopic tools in the scope of lipid-protein interactions. While light scattering hampers CD measurements, Raman spectroscopy lacks sensitivity and water absorption affects IR spectra, fluorescence spectroscopy provides rapid, easily performed, extremely sensitive detection relatively independent of aforesaid processes which limit the use of the other spectroscopic techniques. Little or no damage to the examined matter, requirement of material micromolar concentration, relative simplicity in methodology, and involvement of relatively inexpensive instrumentation make fluorometry a broadly used research tool. Application of different variations of fluorescence spectroscopy such as fluorescent labeling, steady-state and time-resolved FRET, total internal reflection microscopy, and lifetime studies, allowed us to perform comprehensive examination of Lz-membrane complexation and to establish the correlation between protein aggregation and the impact of oligomeric protein on the membrane structure. Below, we will briefly overview the main experimental results and afterwards we will focus on a detailed discussion of the observed phenomena.
Lipid-assisted aggregation of lysozyme
Binding studies. To track the protein membrane binding lysozyme was covalently labeled with fluorescein (Fl), an environmentally sensitive fluorophore. The complexation of tagged lysozyme with lipids manifested as a decrease of fluorescein emission at 514 nm (ΔI 514 ), presumably arising from the shift of equilibrium between fluorescent and non-fluorescent ionic forms of the label at the negatively charged lipid-water interface where pH is lowered compared to the bulk phase. Fluorescein emission displays a complex pH dependence, reflecting the equilibrium between the cation, neutral, monoanion and dianion ionic forms, of which only monoanion and dianion species are capable of fluorescing, with quantum yields being 0.37 and 0.93, respectively. In aqueous solution the pK a values for stepwise fluorescein deprotonation are known to be approximately 2.1, 4.4, and 6.6 [55, 56] . Protonation of the dianionic form following the association of Fl-lysozyme with liposomal membranes is likely to be the reason for the observed fluorescence decrease. Notably, according to our estimates obtained in terms of the Gouy-Chapman double-layer theory, the lowest interfacial pH reached at PG content 40 mol% is approximately 5.2 (surface electrostatic potential is -126 mV, ionic strength 20 mM).
The monomer binding curves were obtained by monitoring the changes in Fl fluorescence as a function of lipid concentration and membrane content of anionic phospholipids. As seen from Fig. 2A , isotherms of Lz binding to neutral (PC) or weakly charged (PG5 and PG10) model membranes are characterized by a typical hyperbolic shape. Analysis of the obtained curves in terms of scaled particle theory (SPT)-based adsorption models accounting for electrostatic effects revealed that these isotherms can be described by a monomodal model (Eqs. (S1)-(S10) in Supplementary material at http://dx.doi.org/10.2478/s11658-012-0015-6) which suggests that upon binding to the lipid bilayer the protein retains its native globular conformation and monomeric state. In turn, association of Lz with highly charged lipid vesicles (PG20 and PG40) resulted in the conversion of binding isotherms from hyperbolic to sigmoidal with the steepness of the curves being increased with anionic lipid content (Fig. 2B) . (Fig. 3) . Contrary to this, noticeable energy transfer was detected in the presence of PG10, PG20 and PG40 vesicles where elevating concentration of Lz-DyL 549 resulted in reduction of Lz-Fl steady-state emission, appearance of the acceptor emission band in donor fluorescence spectra, and decrease in Lz-Fl lifetime and, consequently, relative quantum yield of the donor (Fig. 3) . Furthermore, energy transfer was found to enhance at increasing PG molar fraction. When interpreting these data, it is important to bear in mind that the observed FRET can occur between either non-aggregated but closely located donor and acceptor, or aggregated protein species. To differentiate between these two cases, the obtained results were analyzed in terms of the 2D FRET model described by Eqs. (S23)-(S26), Supplementary [44] . This model implies that if the cube of the logarithm of the ratio of donor deconvoluted intensities in the absence and presence of acceptor yields a straight line as a function of time, FRET arises from freely diffusing donors and acceptors [57, 58] . If this function deviates from linearity then FRET takes place between aggregated donors and acceptors. As seen from Fig. 4 , the curve is linear for Lz bound to PG10 liposomes and has a parabolic shape for the protein embedded into the PG20 and PG40 lipid bilayers. This finding assumes that upon association with weakly charged lipid membranes Lz retains its monomeric state while association with highly charged vesicles results in the formation of protein aggregates. Next, FRET profiles were quantitatively analyzed within the framework of the 2D FRET model obtained for protein oligomers and described in detail in the Supplementary material (Eqs. (S27)-(S31)). This model allows one to determine the parameters of protein self-association, such as degree of oligomerization (n), the distance between monomers in protein assembly (R a ) and fraction of donors present in oligomers (X), from the results of time-resolved FRET studies [59] . However, when trying to approximate the experimental data by the above model we faced the problem of strong correlation between the calculated parameters. To perform more accurate data processing and to narrow the range of possible R a values, an advanced modification of energy transfer called single-molecule PIE-FRET was applied. In contrast to traditional FRET where incomplete labeling, donor or acceptor photobleaching or other processes make an undesirable contribution to the measured energy transfer efficiency, PIE-FRET avoids the pollution by zero efficiency populations due to non-FRET phenomena [54, 60] . Briefly, in PIE-FRET both donor and acceptor are excited independently with two lasers. The laser pulses are delayed with respect to each other in order to produce a sequence with interleaved pulses. During the analysis of acquired data, the software extracts and subsequently analyzes only those pairs where an acceptor is present and its emission is solely due to energy transfer from a donor. Partially inactive FRET pairs which cause interfering artifacts in the standard FRET procedure are excluded. Application of such an approach to PG20 and PG40 systems revealed the existence of two subpopulations: low FRET species (averaged energy transfer efficiency is about 10%) and intermediate FRET species (averaged energy transfer efficiency is around 25%). The distance between donor and acceptor was found to fall in the range from 4 to 7 nm (Fig. 5) . These estimates for donor-acceptor separation were taken as the upper and lower limits of R a during the analysis of tr-FRET results according to the abovementioned model. Good agreement between theory and experiment was achieved with the set of parameters presented in Table 1 . It is clearly seen from the presented data that increasing content of anionic lipid PG resulted in the elevation of n and X, and reduction of R a , reflecting the overall increase in Lz aggregation potential and tighter packing of monomers within the protein cluster.
Membrane perturbations induced by oligomeric lysozyme
Total internal reflection microscopy studies. To explore the effect of Lz on membrane integrity we first applied TIRFM of solid-supported lipid bilayers (SLBs). SLBs were composed of PC and its mixtures with 5 or 25 mol% of anionic lipid CL. To visualize the lipid bilayer structural changes evoked by Lz, SLBs contained trace amounts (0.3 mol% of total lipid) of fluorescent lipid, either BODIPY-PC (neat PC bilayers) or BODIPY-CL (CL-containing bilayers).
In the absence of protein, freshly formed lipid bilayers were characterized by even fluorescence with no evidence of any bilayer defects (Fig. 6A ). Incorporation of Lz into neat PC membranes did not affect the lipid bilayer structure, as can be judged from invariance of BODIPY-PC fluorescence (Fig. 6B) .
In contrast, in CL-containing lipid bilayers protein binding caused rapid formation of large, well-defined areas with increased surface fluorescence of BODIPY-CL (Fig. 6C, D) , the magnitude of the effect being dependent on CL content. The areas are of micrometer size, and in general remain in the plane of the SLB. These structures were not seen in control experiments in which plain buffer was added. Furthermore, to make sure that Lz itself does not contain any emitting moieties, increasing concentration of which could account for the observed expansion of bright spots, protein was incubated in working buffer over the glass substrate. It appeared that protein per se does not produce any fluorescent signal on the glass surface (data not shown). The above observations provide strong grounds for believing that the areas with increased surface fluorescence are induced exclusively by protein-lipid interactions. These areas seem to be formed by CL molecules assembling into domains upon Lz addition, because BODIPY-CL is the only fluorescing species excited by the laser source employed here. Analysis of the microscopy images with ImageJ software revealed that the area of lipid domains falls in the ranges 0.3-18.6 µm 2 and 0.34-21.4 µm 2 for CL5 and CL25 SLBs, respectively. Another noteworthy observation is that at CL content 5 mol% the bright spots have more or less defined shape while in CL25 bilayers these spots represent a sort of irregular network of highly fluorescent fluid regions. The network seems to consist of bright regions embedded in a less fluorescent dark background which are characterized by a stepwise change in fluorescence intensity (Fig. 6D, inset) . The step size between the areas of different intensity is discrete and approximately equals the intensity level of the parent bilayer (quantified after subtraction of camera noise). Intriguingly, intensity distribution profiles for CL5 SLBs were continuous, with brightness changes fluctuating around the average value (Fig. 6C, inset) . This observation allowed us to hypothesize that Lz induces the formation of planar domains in CL5 bilayers (Fig. 6E) , and more complex structures such as multilayers folded from the parent bilayer and stacked on it in CL25 membranes (Fig. 6F) [45] . These stacks represent sheets of lipid bilayers homogeneously stacked on top of each other and separated by protein molecules. Importantly, in stacking geometry electrostatic free energy of protein-membrane binding is likely to reach a minimum because all lipid charges are in contact with protein charges, while in the lamellar phase only a fraction of anionic lipids is vicinal to Lz. In CL5 SLBs, due to initially lower degree of demixing, the transition into 3D geometry is not required to reach a thermodynamic equilibrium, and planar domains enriched in either CL or PC represent the most stable membrane conformation. In attempting to explain the observed dependence of bilayer morphological changes on CL content in a parallel set of experiments we utilized TIRFM to record the isotherms of Lz sorption onto the examined SLBs. To achieve this goal, the protein was tagged with the Fl label. The results appeared to be similar to those outlined in the Binding studies section; the binding curve was Langmuir-like for weakly charged CL5 bilayers and had a sigmoidal shape for CL25 SLBs (data not shown), suggesting that increasing electrostatic surface potential of the lipid bilayer promotes protein self-association. The above findings imply that aggregated Lz has a much more dramatic influence on membrane state compared to monomeric protein.
Pyrene excimerization studies. At the last step of our analysis of Lz-lipid relationships, the classical membrane probe pyrene was recruited to explore the effect of already pre-formed Lz oligomers on the physicochemical properties of the lipid bilayer. The reaction of Lz oligomerization was initiated as described in detail in the Materials and Methods section. The kinetics of protein fibrillization were measured by monitoring the changes in ThT fluorescence at 483 nm. Formation of Lz fibrils was characterized by an initial lag period (the first 8 days), as indicated by unchangeable ThT emission. Appearance of fibrillar aggregates was followed by significant increase in the dye fluorescence. The existence of Lz aggregates was verified by transmission electron microscopy. As seen from Fig. 7 , association of pre-aggregated protein with lipid vesicles brought about a decrease in the pyrene excimer-to-monomer intensity ratio (E/M), the magnitude of this effect being increased with PG content and protein concentration. The results obtained were rationalized in terms of the free volume model of diffusion in the lipid bilayer (for a detailed analysis see Supplementary material). Membrane free volume reflects the difference between the effective and van der Waals volumes of lipid molecules. Packing constraints and thermal motion may result in the enhanced trans-gauche isomerization of hydrocarbon chains and appearance of dynamic defects in the membrane interior. A local free volume arises from the lateral displacement of the hydrocarbon chain following kink formation. The free volume of the lipid bilayer depends on its composition, degree of acyl chain saturation, extent of hydration, temperature, etc. [61] [62] [63] . The free volume model considers diffusion of membrane constituents or guest molecules (such as pyrene monomers) as a three-step process: i) opening of a gap in a lipid monolayer due to formation of kinks in the hydrocarbon chains; ii) jumping of the diffusing molecule into a gap leading to the creation of a void; iii) occupation of the void by another solvent molecule. Decrease in E/M recovered upon Lz-lipid complexation suggests that incorporation of protein oligomers into the membrane interior induces the decrease in lipid bilayer free volume. Notably, monomeric Lz exerted a much less pronounced influence on pyrene spectral parameters and, consequently, on membrane structural properties. Furthermore, the magnitude of perturbations produced by protein oligomers was dependent on anionic lipid content. Thus, for example, at protein concentration 3.1 µM the decrease in E/M was ~18% for PC vesicles and ~24% for PG20 liposomes. Fig. 7 . Comparison of the effects produced by native and oligomeric Lz on the pyrene excimer-to-monomer intensity ratio in PC (A), PG10 (B) and PG20 (C) lipid membranes.
DISCUSSION
Lysozyme is a small polycationic protein discovered by Alexander Fleming in 1922 [64] . It was the first protein whose 3D structure was characterized at atomic resolution [65] . The name of this protein originates from two constituents highlighting the main biological functions of Lz -lyso due to its ability to lyse bacteria and zyme because of its enzymatic activity. Since its discovery and up to nowadays Lz has been the subject of an enormous number of studies. In the 1930s all research efforts were directed towards the exploration of molecular details of Lz enzymatic activity [66, 67] . As an enzyme, Lz catalyzes the hydrolysis of the β(1→4) glycosidic bond between the fourth carbon atom of N-acetylglucosamine and the first carbon atom of N-acetylmuramic acid of polysaccharide of the bacterial cell wall [19] . Carboxylic groups of deprotonated Asp 52 and protonated Glu 35 located in the active site of Lz participate in the reaction of hydrolysis. The breakage of the glycoside bond occurs due to the interactions between Asp 52 , Glu 35 and the atoms constituting this bond. After the enzymatic properties of Lz had been studied in detail, researchers placed the mechanism of Lz antimicrobial action in the focus of scientific debates. A consensus could not be reached as to what represents the main target for Lz action -protoplasmic membrane, bacterial cell wall, or both. Accordingly, Boasson concluded that Lz-induced lysis of bacteria is the result of modification of the cell wall structure [67] . In contrast, Meyer et al. hypothesized that Lz interactions with the mucoid structure of the membrane are crucial for the bacterial cells [66] . Epstein and Chain, in turn, conjectured that Lz attacks the polysaccharide of cell membranes [68] . Despite some contradictions, these early studies were based on the idea that Lz enzymatic properties underlie its antimicrobial action. The scientific world did not dispute this theory for about 50 years until the revolutionary works of Ibrahim et al. and Pellegrini et al. in the 1990s in which the authors showed that that Lz bactericidal properties are not always related to its enzymatic activity [28, 69] . These works opened a new epoch in Lz investigation and shifted the research towards a search for the mechanism which would explain the catalytically independent bactericidal action of the protein. A number of important conclusions were reached in the following decade. Thus, for example, the specific peptides have been isolated from inactivated Lz and reported to exhibit strong antimicrobial activity against both G+ and G-bacteria [70] . The penetration of the specific HLH domain, embracing the amino acid residues Asp 87 -Arg 114 , into the lipid bilayers and subsequent disruption of membrane integrity have been demonstrated to be responsible for the bactericidal activity of Lz [24] . Furthermore, Lz antimicrobial action has been shown to be enhanced by modifying the charge and hydrophobicity of the protein [10, 28] . In addition, Lz partially unfolded by heat treatment proved to exert catalytically independent antimicrobial action against both G+ and G-bacteria [24] . The enhancement of the bactericidal activity of lysozyme against Gram-negative bacteria was observed also after partial reduction of its disulfide bonds [71] . These results were interpreted in terms of the altered protein conformation minimizing the energetic cost of diffusion through the outer membrane of G-bacteria and enhanced insertion into the inner membrane. Overall, the main conclusion emerging from the cumulative results of these studies is that Lz antimicrobial action is catalytically independent and determined by membrane disruption properties of the protein HLH structural motif. Parallel to assessing the molecular details of Lz bactericidal action not connected with its enzymatic properties, in 1993 a study by Pepys et al. established another landmark in Lz science related to protein amyloidogenesis [33] . In this study the correlation between the accumulation of highly ordered Lz aggregates with a core β-sheet structure (amyloid) in human tissues and the development of such a debilitating disease as systemic amyloidosis was established. In view of this, all research efforts have been turned towards identification of the factors responsible for the conversion of Lz from the monomeric to the oligomeric state. A vast number of studies have been conducted and the principal role of gene mutations and oxidative and/or heat stress in promoting the protein aggregation has been established [38] . However, these findings could not fully explain the mechanism of amyloid cytotoxicity. The situation changed with the publication of a paper by Zhao et al. in which lipid-protein interactions were reported to represent the major determinant of protein fibrillization [72] . Importantly, the same conclusion has been reached also for other amyloid-forming proteins, suggesting that the ability of the lipid bilayer to trigger polypeptide self-association is not limited only to Lz [73] [74] [75] . The problem of membrane-mediated protein aggregation has been addressed in a good wealth of both theoretical and experimental studies, and a common conclusion has been reached: on one hand, the lipid bilayer acts as a template for protein oligomer nucleation and growth, while on the other hand, the membrane represents the direct target for oligomeric structures which perturb lipid bilayer integrity, eventually causing cell death [37, 39] . The dual role of the membrane in the protein aggregation process and the finding that the mechanism of amyloid toxicity is similar to that of antimicrobial peptides resulted in a question being posed: are lipid-assisted protein aggregation and membrane disruption strongly coupled phenomena that represent links of the same chain? If this is the case, then one may expect that the sequence of events lying behind Lz amyloidogenesis and antimicrobial action is similar and involves the following: lipid-mediated protein aggregation → membrane destabilization induced by protein oligomers → cell death. Additional support for this statement comes from the studies of Huang and Chen et al., where it was shown that antimicrobial peptides exist in two states: active aggregated state I where peptide oligomers distort the membrane by creating transbilayer pores which are fatal for cell viability, and inactive monomeric state S where the peptides do not influence membrane stability [76, 77] . These results indicate that protein aggregation may represent a necessary prerequisite for the peptide/protein destructive effect on the membrane. In the present study we attempted to gain insight into the intricate interplay between Lz aggregation induced by protein binding to the lipid bilayer, and membrane distortion. Comprehensive analysis of Lz adsorption onto the lipid bilayer surface and intermolecular FRET between the fluorescent labels covalently attached to Lz revealed that Lz retains its native monomeric conformation in buffer or when bound to PC, PG5 and PG10 lipid vesicles. In contrast, elevating PG content up to 20 or 40 mol% brought about Lz transition to the oligomeric state. TIRFM experiments coupled with pyrene excimerization studies revealed that Lz substantially perturbs the structure of the lipid bilayer, leading to the formation of lipid domains and a decrease in membrane free volume, with the effect being much more pronounced for oligomeric protein.
In the most general case, enhancement of protein aggregation propensity in the presence of lipid membranes is attributed to the polypeptide conformational changes consistent with loosening of its tertiary structure and partial unfolding [36] . A growing body of evidence supports the idea that the lipid bilayer lowers the activation energy barrier for protein unfolding, providing an environment with reduced pH and a decreased dielectric constant whose concerted action enhances side chain charge repulsion and thereby gives rise to a more open structure with exposed aggregation-prone areas [35, 36] . Indeed, according to our estimates the pH decrease compared to the bulk phase (pH 7.4) can be as large as 0.6, 1, 1.6 and 2.2 pH units for PG5, PG10, PG20 and PG40 vesicles, respectively. However, Lz is a very stable protein whose secondary and tertiary structures were shown to be virtually unperturbed even at pH 0.6 = [78] . Thus, we concluded that reduced interfacial pH is unlikely to be the main determinant of protein aggregation in a membrane environment. In seeking a mechanism that would explain the increasing oligomerization potential of Lz with PG fraction, one should pay attention to a large group of theoretical studies unraveling the nature of membrane-mediated protein-protein interactions [79] [80] [81] . These studies suggest that the main pathway for protein self-association is the long-range membrane-mediated attraction between the bilayer inclusions (proteins) arising from the overlap of membrane perturbations imposed by two neighboring inclusions. Speaking in more detail, when perturbed lipid annuli around the neighboring protein monomers overlap, attractive protein-protein interactions become energetically favorable, tending to minimize the overall free energy of protein-induced lipid bilayer deformations. Membrane deformations may include electrostatically controlled lipid demixing, implying the accumulation of oppositely charged lipids within the protein-membrane interaction zone, or elastic bilayer perturbations caused by hydrophobic mismatch and/or changes in the lipid order parameter, bilayer thickness and area per lipid molecule [81] . These perturbations create the gradient of bilayer parameters across the boundary of the protein adsorption site and produce positive line energy proportional to the circumference length of the protein-lipid interaction zone, favoring attractive interactions between the proteins because the circumference of two adjoining molecules is smaller than that of two isolated ones [82] . The results of our experiments are in good harmony with this scenario. Evidently, due to the initially lower degree of Lz binding to neutral and weakly charged lipid membranes compared to highly charged bilayers, the protein lateral density is relatively small and the frequency of the protein-induced membrane defects (e.g., formation of lipid domains) per unit area is low and insufficient for lipid annuli to overlap. Elevation of the anionic lipid fraction increases the concentration of bound protein and, consequently, its lateral density, thereby decreasing the distance between the adsorbed monomers. This results in an increased number of protein-induced membrane deformations per unit area, ensuring the juxtaposition of perturbed lipid annuli and aggregation of bound protein. The proposed mechanism readily explains the increase in the size of lipid domains with anionic lipid content revealed by TIRFM. Due to higher charge and circumference, Lz oligomers would enhance the demixing potential of CL, and trigger the formation of anionic lipid assemblies with a higher radius of curvature compared to monomer-induced domains. Apparently, under the conditions of elevated negative curvature strain, imposed by Lz assemblies, inplane domains cannot provide the minimal free energy of the composite proteinlipid membrane, and the route by which the system further reduces the interaction energy seems to involve transformation of regular domains into multilayer stacks. Likewise, the results of pyrene excimerization studies provided strong evidence that oligomeric Lz species affect membrane stability to a larger extent than protein monomers. Pyrene is a hydrophobic membrane probe highly sensitive to the structural and dynamic properties of a lipid bilayer. Pyrene excimerization is generally considered as a diffusion-controlled process reflecting the changes in membrane free volume. The revealed reduction in the bilayer characteristics produced by Lz may be interpreted in terms of the decreased rate of trans-gauche isomerization and ordering of hydrocarbon chains due to the protein's embedment into the membrane non-polar region. In this case, due to the larger size, Lz aggregates would decrease membrane free volume to a higher extent than monomeric species, leading to more significant ordering of lipid molecules. Summarizing the results outlined here, the sequence of molecular events underlying Lz amyloidogenesis and antimicrobial activity seems to be as follows. The initial step is protein adsorption onto the surface of the lipid bilayer initiated by electrostatic attraction between oppositely charged Lz and phospholipid headgroups. The result of this stage of protein-lipid complexation is partial neutralization of the surface charge of both Lz and the lipid bilayer, and change in membrane curvature and surface pressure. The second stage involves several inter-connected processes: i) destabilization of Lz structure and exposure of hydrophobic regions on the protein surface, ii) increase in coverage of membrane surface with protein monomers, iii) aggregation of membrane-bound Lz. The final phase is global perturbations of the lipid bilayer by oligomeric protein involving membrane invagination, thinning and uptake of some lipid molecules from the bilayer. This gives rise to membrane deformation, defragmentation, micellization and eventually cell death. The described model is in accord with the "carpet" mechanism of antimicrobial peptide action. This finding corroborates the results of Ibrahim et al., who also supposed that Lz causes damage to bacterial membranes via the "carpet" mechanism rather than according to the "pore" model [24] . Obviously, whereas membrane distortion induced by monomeric protein is not crucial yet for cell functioning, protein oligomers induce destabilization of the lipid bilayer to such an extent that the membrane completely loses its native structure and morphology, leading thereby to cell death. While the proposed mode of Lz action is auspicious from the viewpoint of antimicrobial activity because the protein kills the bacteria in such a way, accumulation of Lz oligomers and their destructive effect on membrane integrity in healthy tissues become lethal since they lead to the development of systemic amyloidosis. The present results may be of utmost importance when creating novel antimicrobial pharmaceuticals based on Lz as well as for the development of novel anti-amyloid strategies.
